Objective: To use administrative medical claims data to identify patients with incident Parkinson disease (PD) prior to diagnosis.
Clinical trials in patients with Parkinson disease (PD) have failed to demonstrate efficacy of numerous putative neuroprotective therapies. [1] [2] [3] [4] [5] One possible reason is that by the time of diagnosis, patients with PD have lost nearly a third of substantia nigra neurons. 6 Consequently, there is a need to identify patients with PD earlier. 7 Equally important, because motor abnormalities can be present several years before diagnosis, [8] [9] [10] earlier treatment of patients with prodromal PD symptoms may reduce the risk of falls and related traumas. Thus, identification of patients with PD during the prodromal disease period is an urgent priority for physicians and researchers.
Most attempts to identify patients with PD in the prodromal period, such as in the Parkinson Progression Markers Initiative predictive model, require biomarker and clinical data. 7 PD predictive methodologies generally take into account age, sex, race/ethnicity, smoking, 11, 12 and several prodromal PD symptoms, such as constipation, 13 REM sleep behavior disorder (RBD), 14 and anosmia. 10 RBD is rare, and the other symptoms lack specificity. More costeffective approaches are needed to screen large populations. A predictive model that only uses administrative health care data could be used by researchers or insurers to identify those with the greatest probability of having prodromal PD. In this study, we sought to develop a predictive model using comprehensive medical claims data, under the hypothesis that patients with prodromal PD could be distinguished from the general population using diagnosis and procedure codes in the 5 years prior to PD diagnosis.
METHODS Institutional review board approval. The study was approved by the Washington University institutional review board and Centers for Medicare & Medicaid Services.
Study overview. We used detailed claims data from Medicare, the only nationwide, population-based health care program in the United States. We constructed a case-control study with all eligible incident PD cases and a random sample of all eligible controls in 2009 using all carrier (physician/supplier part B), outpatient, inpatient, skilled nursing facility, durable medical equipment, and home health care claims from 2004 to 2009. We used these data, as detailed below, to determine PD case status, PD diagnosis date, and medical predictor variables. We used the 2009 beneficiary annual summary file (BASF) to obtain demographic data, enumerate all potential participants, and determine study eligibility.
Eligibility criteria. All participants were born by February 1, 1942 , to exclude disabled beneficiaries who were not yet ageeligible for Medicare by January 1, 2007, and were required to meet the following criteria for 2009: Medicare parts A or B coverage; no Medicare Advantage Plan coverage; US residence; and age #90 years at year end (or death earlier in 2009). The eligibility criteria were designed to ensure (1) comparability of cases and controls; (2) population-based sample; (3) complete capture of diagnoses and procedures; (4) restriction to beneficiaries most likely to seek medical care if they had PD symptoms (age #90 years); and (5) at least 2 full years of claims data before diagnosis/reference (age $66 years, 11 months). A total of 22,546,965 Medicare beneficiaries met all the above criteria in 2009, representing 46.1% of all 2009 beneficiaries of any age (including disabled beneficiaries), 71.6% of beneficiaries in the targeted (age-eligible) birth cohort, and 73.3% of beneficiaries who were both in this birth cohort and living in the United States at diagnosis/reference. The remainder were ineligible due to Medicare Advantage Plan coverage. Among Medicare beneficiaries in our study population, which was defined by age/birth cohort and region of residence (United States), those who were and were not eligible were similar with regard to age (mean of 75.7 vs 75.4 years, respectively) and sex (56.6% vs 57.3% female, respectively). They were also fairly similar with regard to race/ ethnicity (88.3% vs 85.3% non-Hispanic white, respectively) and vital status at year end (4.5% vs 3.7% died before year end, respectively).
PD case identification. Medicare claims records include ICD-9 diagnosis codes, ICD-9 procedure codes, and Healthcare Common Procedure Coding System codes, including Current Procedural Terminology (CPT) codes. As previously, 15 we included all Medicare beneficiaries who met the above eligibility criteria as a potential (incident) case if they had at least one ICD-9 code for PD (332 or 332.0) in 2009, but no prior year. We only required one occurrence to ensure that we did not restrict our case group to those who used Medicare most. We excluded 4,365 (4.6%) potential cases whose PD case status was uncertain, including prior diagnosis of Lewy body dementia (ICD-9 331.82), other neurodegenerative disease of the basal ganglia Control selection. Controls met the same eligibility criteria but had no ICD-9 code for PD. We also required that they had not died in 2009 prior to their randomly assigned reference date in the same year, to ensure that they were comparable to cases. We obtained claims data for a random sample of all beneficiaries enumerated from the 2009 BASF who met these criteria. We avoided matching so that model coefficients for known PD risk factors would be unbiased when applying the model to future cohorts. Of those sampled, we excluded 200 potential controls with the above exclusion diagnosis codes. In total, there were 118,095 controls, representing a 0.5% sample of all controls otherwise available for analysis. We calculated age and obtained sex and race/ethnicity from the 2009 BASF. Age and sex were available for all participants. Race/ethnicity was unknown for 0.09% but retained in a race/ ethnicity unknown category. Using demographic and claims data, we estimated the probability that each participant had ever regularly smoked tobacco. We assigned participants with a code specific to tobacco (ICD-9 V15.82, ICD-9 305.1, CPT 99406, CPT 99407) a probability of 100%. We calculated other participants' probability using a logistic regression predictive model for ever/ never smoking built from nationwide data 16 for Americans aged 66-90 years. The model had 17 predictor variables made from more than 600 diagnosis/procedure codes, including cancers with high attributable risk due to smoking. 17 We then applied this predictive model to Medicare data and validated smoking probability against (1) the above tobacco-specific codes before factoring them in; (2) county level smoking 18 ; (3) diagnoses associated with smoking but in Medicare data only.
Statistical analysis. We used SAS version 9.4 (Cary, NC) for data handling and R version 3.2.4 (including the package pROC 19 and boot 20 ) and Stata 13.1 (College Station, TX) for statistical analysis. We employed a 2-step approach to build the PD predictive model. In the first step, we identified codes significantly associated with PD. For each code, we generated a logistic regression model to estimate association with PD, while adjusting for age, sex, race/ethnicity, ever smoking, and number of unique diagnosis codes, as a general measure of usage of medical care. The case-control dataset included 26,468 valid codes (11,063 diagnoses and 15,405 procedures), so we used a Bonferroni-corrected a of 1.889E-6. In the second step, we built a predictive model using codes that were identified as significant in the first step and also occurring in both sexes, had .10 cases and .10 controls, and did not simply reflect secondary parkinsonism (e.g., ICD-9 332.1 or codes for schizophrenia or bipolar disorder that might require use of neuroleptics). We built the model by applying the elastic net algorithm 21, 22 to the selected diagnosis and procedure codes. The elastic net algorithm is a method that optimally blends ridge and lasso penalized regression. These 2 types of penalized regressions improve upon generalized linear models by regularizing coefficients based on penalties for possible overfitting. The elastic net algorithm is particularly suitable for high dimensional data, allows for a grouping effect of variables (e.g., similar adjacent codes), includes a cross-validation step, and shrinks estimates toward null to avoid overfitting and increase external validity. For the k-fold cross-validation step, we used 5-fold cross-validation of the model using area under the receiver operator characteristic curve (AUC) as the measure of model quality. For comparison to our primary predictive model, we also generated a simple model with age, sex, and race/ethnicity only, and then a basic model enhanced by the addition of total number of unique diagnosis codes, smoking, constipation, RBD, and anosmia/hyposmia. We compared the models' performance using recommended 23 metrics: (1) difference between the mean predicted probability of PD for cases and controls; (2) AUC (c statistic); (3) sensitivity and specificity at the cut point that maximized percentage of participants classified correctly. RESULTS Basic predictive model. PD was positively associated with age, was markedly more common in men than in women, and was more common in non-Hispanic white than non-Hispanic nonwhite participants (tables 1 and 2). PD also was inversely associated with tobacco smoking, after accounting for the number of unique diagnosis codes. Constipation, RBD, and anosmia/hyposmia were strongly positively associated with PD, although the latter, based on a code that also includes taste disturbance, did not meet the Bonferroni-corrected threshold for significance (table 2) . When we simultaneously stratified PD cases according to whether a neurologist diagnosed them and according to the total number of ICD-9 codes for PD in 2009 (1, 2, 3-5, .5 [approximate quartiles]), we observed all of the above associations for each PD case group vs all controls (data not shown in tables).
The age-sex-race only model provided relatively little separation between cases and controls, and was clearly improved by the addition of known predictors of PD and the total number of diagnosis codes (table  2) . Almost all of this improvement, however, was due to the latter (AUC 0.670 [95% confidence interval 0.668-0.673], without total number of diagnosis codes).
Full predictive model. In the first step, models that included adjustment for all of the basic covariates, a total of 2,291 diagnosis or procedure codes, had a p value that met the Bonferroni-corrected a, including 2,142 retained to build the predictive model. The elastic net algorithm's procedure indicated that 100% lasso regression (no ridge regression) provided the best predictive model. At the recommended error level (fewest predictors such that the model's error was within 1 SD of the best model's error), 21 the model had 536 codes (table e-1 at Neurology.org). All established demographic predictors and smoking associations remained, with the exception of some race/ethnicity categories with relatively few participants (table 2 ). This full model performed markedly better than the age-sex-race only and basic models (table 2 and figures 1-2; table e-2) . Diagnostic and procedure codes that were positive predictors of PD included those suggestive of PD motor symptoms (such as tremor and abnormalities of posture), psychiatric or cognitive dysfunction, autonomic dysfunction (gastrointestinal, urinary, orthostatic hypotension), sleep disturbance (including RBD), fatigue, and trauma (including falls) at a median of 1.4-3.1 years prior to diagnosis (table  3) . In parallel with these symptoms, there was a surge in diagnostic testing approximately 1.7 years prior to diagnosis, including brain imaging and various blood tests including those for syphilis, vitamin deficiencies, and thyroid conditions. PD-associated conditions such as idiopathic peripheral neuropathy and restless legs syndrome were also positive predictors. A variety of codes indicating weight loss were positive predictors of PD, appearing at a median of 1.1 years prior to PD diagnosis. Diabetes type II without any complications was positively associated with PD, in contrast to several other diabetes codes that were negative predictors of PD (table 3) .
Other diagnosis and procedure codes that were negative predictors of PD included numerous codes indicating that controls were more active than cases, such as codes for hip replacement, osteoarthritis, carpal tunnel syndrome, and a variety of tendonopathies (table 3) . Cancer, cardiovascular disease, and obesity-related codes were also negatively associated with PD. Gout and a variety of codes indicating systemic inflammation (e.g., inflammatory bowel disease and scleroderma) or allergy were negatively associated with PD. In sensitivity analyses with the 50,395 (56.1%) PD cases diagnosed by a neurologist or with $3 PD diagnosis codes in 2009, model performance was essentially identical to the model with all PD cases for all performance measures that would not be affected by our altered case:control ratio (i.e., difference in mean predicted probability between PD cases and controls, AUC, and sensitivity and specificity at the cut point where sensitivity and specificity are approximately equal). Moreover, only 14 (2.6%) diagnosis or procedure codes both dropped out of the model and suggested any difference in results (.10% change in the odds ratio, as opposed to potentially Figure 1 Distribution of predicted probability of Parkinson disease (PD) by true PD case status (A) Basic predictive model: predicted by age (2 linear splines), sex, race/ethnicity (7 categories), ever/never smoking, total number of unique ICD-9 diagnosis codes, constipation (ICD-9 564, 564.0, 564.00, 564.01, 564.02, 564.09), REM sleep behavior disorder (RBD) (ICD-9 327.42), and anosmia/hyposmia (included in ICD-9 781.1 as smell and taste disturbances).
(B) Full predictive model: predicted by age (2 linear splines), sex, race/ethnicity (7 categories), ever/never smoking, total number of unique ICD-9 diagnosis codes, and 536 diagnosis or procedure codes including codes for RBD (ICD-9 327.42) and selected codes for constipation (table e-1).
dropping out of the model due to the smaller sample size for this subanalysis).
DISCUSSION This study demonstrates that Medicare beneficiaries with prodromal PD can be identified using a predictive model that includes diagnosis and procedure codes in the 5 years prior to PD diagnosis. By a number of metrics, 23 this model was far superior to the model that included only previously identified PD nonmotor comorbidities. 13, 14, 24, 25 Moreover, because the model generates a probability of PD, the model can be applied in different settings, and the probability cut points selected as needed to maximize sensitivity or specificity. Strengths of this study are the large population-based sample that included all eligible incident PD cases in patients over age 65 in the United States, a randomly selected comparable control group, and rigorous analytic approach.
The large sample size enabled us to discover hundreds of novel associations with PD that contributed to the predictive model. Many of the diagnoses identified as positive predictors of PD are important disease comorbidities, such as falls and trauma. Subtle motor dysfunction occurring several years prior to PD diagnosis may contribute to falls, [8] [9] [10] suggesting that these comorbidities may be preventable if patients with prodromal PD were identified earlier, using this predictive model, and treated earlier. Dopaminergic therapies are currently used only in patients with PD with bothersome motor symptoms 26 ; however, it is possible that starting dopaminergic therapies during the prodromal period in selected patients could prevent falls and associated trauma. In addition, given the failure of numerous neuroprotective therapies in PD, there is growing consensus that it may be necessary to use these therapies earlier, before the majority of dopaminergic neurons degenerate. 27 If the results of our study are confirmed, it may be possible to implement neuroprotective studies in patients with prodromal PD prior to irreversible loss of dopaminergic neurons.
The diagnosis and procedure codes associated with a lower probability of PD were highly informative. Many cancer-related codes were inversely associated with PD, consistent with most prior studies of PD, perhaps due to an underlying difference in propensity for programmed cell death in those with PD. This may provide some insight into cellular mechanisms that could serve as neuroprotective targets. Interestingly, obesity was also a negative predictor, consistent with weight loss being a positive predictor. Weight loss may represent an early symptom of PD or could reflect a difference in systemic metabolism in patients with prodromal PD. As in prior studies, both gout and smoking were negative predictors. [28] [29] [30] [31] Cardiovascular disease, complications of diabetes, and obesity all were negative predictors, highlighting how different patients with PD are from the general population. Understanding whether these marked differences are driven by lifelong choices, made due to difference in brain chemistry in at-risk people, or are due to specific metabolic or pharmaceutical protective factors associated with these diseases deserves further study.
Many of the diagnosis and related procedure codes that were associated with a higher probability of PD represent early nonmotor and motor symptoms of PD. Several nonmotor symptoms associated with prodromal PD, such as RBD, taste/smell disturbance, and constipation, were either not common (RBD) or were very common in both cases and controls (constipation), making these insufficiently predictive when used alone. Not surprisingly, disorders of mood and cognition were strongly predictive of PD, representing early symptoms in patients with prodromal PD. There were also a large number of diagnosis codes suggestive of motor dysfunction in patients with prodromal PD, including signs of bradykinesia, gait impairment, and tremor. Associations between prodromal PD and therapies such as gait training, psychotherapy, and prescriptions for assistive devices are likely in response to PD motor and nonmotor symptoms. Finally, restless legs syndrome appeared to be associated strongly with PD, which is intriguing given that dopaminergic medications are highly effective treatments for this condition. Parkinson disease predictive model receiver operator characteristic (ROC) curve
Nonparametric ROC curve for the full predictive model: predicted by age (2 linear splines), sex, race/ethnicity (7 categories), ever/never smoking, total number of unique ICD-9 diagnosis codes, and 536 diagnosis or procedure codes including codes for RBD (ICD-9 327.42) and selected codes for constipation (table e-1). RBD 5 REM sleep behavior disorder. Numerous procedure codes and resulting diagnosis codes predicted a higher probability of PD, largely reflecting health-seeking behaviors in response to early symptoms of PD. Clearly, patients with prodromal PD and their doctors recognize that something is wrong, resulting in physicians ordering diagnostic tests to determine the cause of the symptoms in patients with prodromal PD. This includes diagnostic tests commonly ordered by physicians for nonspecific neurologic symptoms, such as tests for vitamin B 12 , syphilis, and thyroid function. The phenomenon of ongoing testing may be exacerbated by lack of a gold standard diagnostic test for PD, since PD is ultimately a clinical diagnosis. In aggregate, these tests for conditions other than PD represent a substantial cost to the health care system that could be reduced by profiling claims data, as done by pharmacy benefit management companies to reduce drug costs and drug interactions.
As with any administrative data study, there are several potential limitations. Medicare data are derived from provider charges submitted to Medicare for reimbursement, so our diagnosis and procedure codes rely on competent provider diagnoses and charge entry by billing staff. However, we found all of the expected PD associations, 10, 13, 14, 24, 25 thereby providing strong evidence of the validity of our case ascertainment method and a Medicare-derived PD predictive model. We also did not have pharmaceutical data, such as in Medicare part D, which may improve the performance of the predictive model. Our predictive model was highly influenced by ICD-9 and CPT codes that were consistent with PD symptoms, although there were many other novel predictors. However, it is clear that patients with prodromal PD are different from the general population, suggesting that it may be possible to detect these patients beyond the 5-year window of this study. We anticipate that additional predictors, positive and negative, would be identified with a longer prodromal window. Of course, confirmation of these findings in another large dataset would be ideal, including a dataset with other types of insurance beneficiaries, although we applied an innovative statistical method to cross-validate the model to improve external validity. Nevertheless, our predictive model should serve as a critical first step and benchmark for further model development.
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